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Thi';  report  summarizes  the  first  year  of  progress  in  studies 
involving  vapor  emission  from  veld  pools,  design  of  an  infrared  microscope 
for  measurement  of  the  weld  surface  tempera  Lure ,  ultrasonic  detection  of 
the  weld  pool  shape,  surface  reflectivity  of  aluminum,  signal  analysis 
of  the  weld  nei.se  VoiLnge  and  reflectivity  of  aluminum  by  a  carbon  dioxide 
laser.  The  remits  Lo  date  are  preliminary. 


hKAT  SOUKCi:  -  NATFKIAL  1  NTH FACTIONS 
DURING  FUSION  VJEL1UNC 


I.  INTRODUCTION 


This  is  Llw-  first  ainmnl  technical  report  of  an  extensive:  research  program 
emphasizing  welding  science.  The  overall  goal  of  the  program  is  to  develop 
an  understanding  of  the  manner  in  which  the  alloy  composition  affects  or  inter¬ 
acts  with  tiie  welding  process.  For  example,  in  arc  welding,  met  a  1  vaporizes 
from  tilt'  weld  pool  which  alters  the  composition,  the  electrical  properties 
and  the  thermal  properties  of  tlie  arc  plasma.  This  in  turn  alters  the  amount 
of  heat  transported  to  the  metal  surface,  which  results  in  differences  in  the 
shape  of  the  weld  pool,  the  wold  deposit  chemistry  and  the  stability  of  the 
welding,  process.  These  changes  would  not  be  of  interest  were  it  not  for  the 
fact  that  previous  studies  have  shown  that  minor  changes  in  metal  composition 
cun  cause  ...ajoi  changes  in  the  veld  deposit.  Changes*  in  shielding  gas  or 
base  metal  composition  on  the  order  of  parts  per  million  can  reduce  or  in¬ 
crease  » he  size  of  cite  wold  pool  by  several  hundred  percent.  (.1)  Such  changes 
cannot  he  explained  by  our  present  understanding  of  the  welding  process.  In 
addition,  many  of  the  physical  phenomena  which  must:  be  investigated  in  order 
to  understand  the  changes  noted  above  may  also  provide  means  of  controlling 
the  welding,  ptoeess;  hence,  the  work  presented  here  is  of  more  than  just 
academic  interest.  It  is  hoped  1  !>  t  the  results  will  provide  new  insight 
into  designing  materials  which  have  more  uni  form  weldability  and  in  providing 
new  techniques  for  monitoring  and  cue ( ’ o I  1 i ug  tin-  welding  process.  Until  of 
these  goals,  if  achieved,  wil1  aid  significantly  in  iri  masing  the  uro  of 
ant  •  [  i  on  in  m  Iding,  which  in  turn  should  lend  to  improved  productivity 

throughout  many  uie.e;  in  tin-  nut  ?•  na1  n  enemy. 
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II.  AGGOMPI,  I SUM ENTS  DURING  THE  FIRST  YEAR 

In  a  project  of  this  size,  anti  in  experiments  of  Hie  complexity  whic:h  are 
underway ,  many  of  the  first  year  accomplishments  consist  of  organizing  the 
personnel  ami  equipment  to  be  used  during  the  project.  The  effort  during  the 
past  twelve  months  has  emphasized  the  following: 

A.  Equipment  Acquis  i  t_ion_ and _J)esi gn 

1.  Optical  mu  1 1  i  channel  analyzer  spectrometer 

2.  Infrared  microscope 

3.  Weld  signal  analysis 

A.  Transistor-battery  bank 

B.  Experiments  and  I’rel  iminnry  Results 

1.  Thermodynamic,  model  of  vaporization  f rent  weld  pools 

2.  I.ong  time  spectroscopy 

3.  U'trasonie  detection  of  the  weld  seam 

A.  last  Fourier  transform  analysis  of  the  welding  voltage 

3.  ha  or  welding,  of  aluminum  and  aluminum  alloys 

(->.  Probes  for  welding  arc  analyst:; 

The  proa,)  ess  in  each  of  these  areas  will  be  described  briefly.  It  should 
he  noted  at  the  outset  that  the  experimental  studies  are  still  in  progress 
mid  the  tr  ulls  presented  a.re  of  a  preliminary  nature. 

A.  I.  Optical  Multichannel  Analyzer  (OMA)  Spec  t  rente  lev  Frpi  i  jen-ent 

The  OMA  system  represents  the  single  largos!  equipment  purchase  of  the 
project .  The  OMA  i i si  II  is  a  two  dimensional  computer  control  led  detector 
(.3.1 2  P'u.  ea.mael :;)  of  tin.  v  id  icon  type  capable  of  receiving,  and  storing 
a  sci  ic.,  ot  opt  uni  slp,ii  afs  e  f  30  tuirti  fri'rctjJ  dura*  i  on  .  Other  invest  .igat  ors  , 
not;  hi  y.  Mills  of  Root i,v  I  1  Inti anal  ion.nl  (.?)  and  Key  ol  EG  i\  ( I  Idaho  (3)  have 
for  invest  ip.nl  ion  of  i.eldin;  ate  p  I  a:  t  ,.os . 


Used  0'-\ 


M  i  i.  1  s  pe r  I  oi  i>:ed 
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a  brief  series  of  Leals  Lo  determine  the  spatial  distribution  of  Mn  meLal  vapor 
in  the  plasma,  while  Key  uses  the  spectral  data  to  determine  the  local  tempera¬ 
tures  in  the  plasma. 

In  the  present  study,  the  OMA  will  serve  two  lunetions,  viz.  determination 
of  the  temporal  and  spatial  distributions  of  metal  vapor  in  the  welding  plasma 
and  detection  of  the  signal  from  the  infrared  microscope. 

The  importance  of  the  temporal  and  spatial  distribution  of  metal  vapors 
In  the  arc:  stems  from  the  fact  that  these  vapors  generally  have  low  ionizalion 
potentials  compared  with  the  shielding  gases  and  hence  the  metal  vapor  dominates 
the  electrical,  properties  of  the  welding  arc.  In  particular,  80  percent  of 
the  heat  transported  to  the  weld  pool  is  carried  by  the  welding  current. 

Metal  vapors  from  the  weld  pool  may  alLcr  the.  distribution  of  the  weld  current, 
thereby  altering  the  heal  flux  and  the  electromagnet i cally  driven  fluid  flow 
in  the  weld  pool.  It  is  anticipated  that  this  data  will  be  used  as  input  to 
a  computer  model  of  the  arc  pla-.ma  and  weld  pool.  This  model  is  presently 
being  developed  by  l'rof.  .1.  Szekely  of  MIT  under  contract  with  the  I'.S. 

Department  of  I'm-rgy,  Basic.  Knorgy  Sciences. 

Although,  the  (>M\  represents  a  very  sophisticated  optical  detector,  the 
optical  imaging  system  used  to  .‘elect  the  position  within  the  arc  plasma  is 
equally  critical.  During,  the  past  year  Dr.  Chari  y  Alltmand  has  designed  a 
refract  ive  lens  and  scanning  system  capable  of  the  following,: 

1.  Detection  of  major  metal  elements  with  a  spatial  resolution  of  0.1 
mm  and  a  temporal  resolution  of  It'  milliseconds  lo  one  second. 

Kclat  ive  i i ineen ! ra t  i ons  should  he  measured  with  a  precision  ol  2  to 
1 0  percent. 

>1.  K.ipid  ch  : ag.es  in  metal  vapor  should  he  observable  with  a  temporal 
resolui  ien  o!  If)  m  i  c  ros.i'Conds . 

i .  Mima  rli  conct  n  I  ra  I  i  ■  ns 


should  ho  ehsc  rv..l>  1  e  willi  a  spatial 
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resolution  of  0.1  mm. 

Separate  optica'  layouts  are  needed  for  each  of  the  three  measurements, 
however  the  ul t raviolet-visiblc  lens  is  the  same  for  each  layout.  A  brief 
description  of  the  design  specifications  is  presented  in  Appendix  A.  All 
components  have  been  ordered  and  received.  The  six  element  lens  has  been 
tested  and  found  (o  perform  within  specif ication.  The  entire  optical  layout, 
for  experiment  number  1  above,  is  presently  being  assembled. 

A._  2.  nf  rared  lie ”< ’scope  f.cju ipmenr. 

Although  ini  rated  microscopes  are  available  commercial ly ,  none  of 
these  systems  are  designed  to  measure  temperatures  as  high  as  tlio.se  occurring 
in  the  weld  pool .  haring  the  past  year  Dr.  Allemand  has  designed  a  reflective. 
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function  of  alloy  composition  should  aid  in  understanding  the  loss  of  alloying 
elements  from  the  weld  pool.  Previous  experiments  in  our  laboratory  have  shown 
that  0.4  /,  Mn  can  be  lost  from  submerged  arc  weld  pool  s  by  evaporation.  (4) 

The  transistorized  welding,  power  supply  (described  below)  will  permit 
measurement  of  the  local  surface  tempera  lures  by  e>  t ingui shiny  Lbe  arc  and  using 
the  high  speed  capability  of  the.  OMA  to  detect  the  thermal  radiation  within 
less  than  one  millisecond.  The  thermal  Lime  constant  of  the  weld  pool  is  much 
greater  than  this.  Jn  addition,  monitoring  the  cooling  rate  at  a  given  location 
as  a  function  of  time  will  provide-  some  information  on  the  fluid  flow  behaviour 
of  the  weld  pool.  With  the  design  and  receipt  of  the  equipment,  completed  during  the 
past  year,  experimental  data  should  be  forthcoming  during  the  next  year. 

A.  3.  We  1  d  Signal  Analysis  Uju  ipr.njit 

A  welding  plasm  x  responds  to  both  chemical  changes  and  geometric  changes 
wltlrn  30  us-'c;  hence  any  disturbance  of  the  an  should  cause  a  charge  in 
the  welding  arc  vol  logo.  Those  changes  in  voltage  alter  the  heat  generated 
in  the  plasma,  which  causes  an  expansion  or  contract i on  of  the  plasea.  These 
plasma  o.*:c  i  1  fat  ions  produce  the.  arc  noise  which  one  hears  during  welding. 

Since  many  experienced  Weldors  can  detect  variations  in  the  process  by  listening 
to  the  .arc,  it  can  be  concluded  that  the  oscillation:;  of  interest  for  process  contra 
occur  in  the  audio  frequency  range.  In  an  attempt  to  measure’  these.’  changes  a  fast 
fourii-r  l  I'nus  Ton-i  of  the  welding;  noise  voltage  was  needed .  Original  I  v,  a  bard  wired 
lif  atiilyzet  Was  to  he  purchased,  hut  it  was  determined  that  a  computer  with 
appi  op  r  i  a  I.  e  software-  could  perforin  the  same  function. 

'I  in-  welding  noise  voltage  was.  placed  on  magnet  ie  tape  and  fed  into  a 
coopiit  <.  r  at  the  digital  Signal  I’l  ucoss  i  ng  J, anor.nl  try  at  MIT.  The  results  el 

thes  tests  v.  is  eneoii  i.i;-.  i  ng. ;  hence  a  l'i'.C.  M1MC,  ll/'.’3  computer  was  purchased  lor 
fill  nr  i  signal  anal;,:  i-.  The  equip,  lent  bus  1«.  >.  n  leecived  and  j :  opera  t  ioi.a  I  . 
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The  results  of  some,  of  the  1'FT  analyses  are  presented  in  the  experimental 
section. 

A .  Ji . _ T  Yansjldan'- Jkit  t  e  ry  Powo  r  S  tipji  lyj’.qu  i  |  iment 

In  order  to  measure  the  voltage  oscillations  of  the  welding  arc,  absent 
of  the  oscillations  in  the  power  supply,  a  pure  DC  voltage  source  is  needed. 

A  large  battery  was  acquired  early  in  this  project  and  design  of  a  transistor 
bank  to  control  the  output  began;  however,  in  the  late  fall  it  was  determined 
that  a  20  kW  transistor  bank  would  he  useful  in  future  studies  of  gas  metal 
arc  droplet  formation.  Such  a  transistor  hank  is  beyond  the  steal e  of  our 
expertise  to  construct.  Commercial  versions  are  avail  able  from  Japan  and 
Croat  Britain  at  costs  exceeding  $40,000.  Instead,  Alexander  Kusko,  Inc.  of 
Needham  Height's,  MA  was  cent  i  acted  to  build  a  high  current.  D.C..  regulator  for 
half  this  price.  The  spec!  f  icnf  ions  of  tiiis  D.C.  regulator  are  given  in 
Appendix  It.  We  .are  confident:  oi  Kusko’ s.  al,  i  1  i  fy  to  build  this  supply  as  they 
delivered  a  10  If!  motM  to  i’rof.  Mn  .ubuclii  of  the  Oc.  .an  Kngi  neeri  ng  Department 
last  nuitmier.  By  November  this  10  kV:  system  had  been  tuned  and  proven  capable 
of  the  spec i i ica Lions.  In  January  we  contracted  for  a  20  kW  supply  to  he 
delivered  in  Juno,  It'D).  At  present  all  oi  it.ical  components  have  been  received 
and  tbe  regulator  is  tinder  const  ruction.  The  delivery  date  is  expected  to  he 
t.K  t  ,  which  will  al  low  us  to  cont  i  nut  cur  studies  of  weld  noise  voltage  sensing 
•and  i  *  I  r.Mid  we  Id  p<>  1  temperature  sensing. 
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the  lif, it.  transported.  away  from  tin*  surface  by  conduction,  convection  and 
radiation,  the  excess  heat  arcnmnlat  ing  on  the  surface  is  lout  by  evaporation. 
In  a  purr  material,  A,  the  number  of  moles  of  metal  evaporated  is  equal  to 


dn, 

A 


drl 


xs 


Air 

evap 


where  dn  is  tiie  number  ol  moles  of  metal  evaporated 

dQXS  is  the  excess  heat  transported  to  the  surf. ace  which  is  not  removed 

by  radiation,  conduction  or  convection,  and 

Aii°  is  the  molar  heat  of  evaporation  of  the.  metal, 
evap  1 

The  free  energy  cl.any.e  associated  with  t  he  evaporat  ion  is 


A 0°  -  - !’T  f  it  p° 

A 

wlf'i-e.  p"  is  the  standard  pressure  of  nctil,  A  at  temporal  lire,  T. 

fn  an  alley,  th.  excess  heal  iv.  iy  result  in  the'  evaporation  of  n  number  of 
metals.  Vne  m  era  1 1  heat  balance  becomes 


win1  re  .  !i  ...  is  the 
reap  (  i ) 


do*  -=  >'.  All  .  ..  dn. 

.  evap  ( \ )  l 


e't  of  i'V.ipar.1 1  i  i'll  of  species  in  the  allay  and 


.  is  the  mi  P'-.  r  of  rail,  ..  of  species  i. 


Tlu.1  flee  eneru.y  ciai’.,.'  assoc  !.’<  c.i  with  t  lie  va  par  i  t  i  on  of  aa  alley  element 


At. .  Air  I  Ki  in  <£. 

i  i  j 


where  Cl .  is  the  ar|  iv:iy  el  t  In  <  lei",  at  in  the  allov. 


i  i'  "  aii  i  1,,  ue-h  i  s(  ..ad  .•diieh  ,,1  vape.'s  can  he  expected  to  dominate  th. 


composition  of  the  wo  J  d  i  tig  arc  plasma 


series  of  pressure- temperature  diagram; 


*  ;i 

have  been  developed  for  iron  base  alloys.  hxamplcs  for  nickel,  manganese, 
chromium  and  aluminum  are  shown  in  Figure.';  1  through  h  respectively.  Since 
the  weld  pool  of  steel  has  an  average  temperature  of  approximately  2000°  0, 
the  dominate  metal  vapor  for  any  alloy  can  he  estimated  by  use  of  those  diagram! 
For  example.  Figure  2  indicates  that  at  200!)°  C  (,2a/ 3  K)  iron  and  manganese 
vapor  pressure:;  are  approximately  equal  in  a  low  alloy  sLecl  containing  approx¬ 
imately  0.7  Mn.  '.n  a  stainless  steel  of  1 8/  Cr  and  27  Nil,  Mu  is  the  dominate 
species  in  the  vapor.  'Inis  data  is  consistent  with  previous  observations  in 
our  laboratory  that  up  to  25 7  of  the  Hu  alloy  in  a  1.3/  Mil  carbon  sled  can 
he  lost  by  evaporation  during  submerged  arc  welding,  while  the  silicon  content 
remained  unehangid.  (A) 

This  thermodynamic  model  can  be  extended  to  more  complex  systems  in 
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more  le.t-lilv  upon  so  1  i  di  f  i  re  l  i  on  raLher  than  in  tin*  liquid  phase.  in  csM'in:i', 

tin's  is  mil  different  than  i.utinp,  thaL  precipitation  is  more  p revel  ant  in  the 

so!  ill  lli. in  in  llio  liquid,  however,  these  d  i.-ip.i  nms  allow  mu-  to  quantify  which 

pm-  i  p  i  t  a  I  es  will  behave  in  this  manner.  In  a  stool  which  contains  a  sun]  3 

fraction  of  tilanin.i  (at  a  correspondi  up,  I  y  low  activity)  the  scale  of  the  vertical 

;  |  i ; ;  of  Pp.-urr  !>  is  shifted  t  e>  hi;. her  oxyj.e.n  pressures.  Ily  estinatin^  the 

,,vy;yii  potential  of  the  woldinp,  .shieldinp,  pas,  and  Liu-  activity  of  the  alloyinp. 

element  in  the  weld  wet  a. I,  one  can  ustinnti  in  a  c|uauti  la  t  i  \'e  way  whether  the 

alloyinp.  element  will  he  preferentially  oxidized  out  of  the  liquid  weld  metal,  whether 

the  oxide  will  precipitate  on  solidification  or  whether  it  will  remain  un combi  nod . 

;;  j  m  i  |  a  i  plots  have  liven  constructed  for  vanad  i  um-oxypen  ,  chromi  tim-oxyp.oii  and 
y.  i  I'l-IMI  ill!!'- a  ;vvil  systems. 
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speetroseupie  data.  I’.y  studying  tin-  loop  time  eltanpo  in  weld  deposit  compo¬ 
sition  and  coup  1  in”  this  informal  ion  with  th"  chances  in  spectral  intensity 
during  t  lit'  experiment,  one  can  estimate  the  absolute  rate  of  vapor  formation. 
Such  information  is  essential,  ii  a  detailed  computer  model  of  metal  vapor  in 
the  plasma  is  to  he  performed.  As  noted  previously.  Prof.  S/.ekily  is  develop¬ 
in'1,  such  a  model  under  IK)K  sponsorship.  This  experiment  coupled  with  the 
spatial  distribution  of  metal  vapor  as  determined  with  the  DMA  system  should 
provide  valuable  input  to  the  model. 

K.3.  111  t  rasoui v_l)et  eel non  of  the  Weld  Seam 

Prof.  David  II.  lintel  l  and  Mr.  Joel  Katz  of  the  Department  of  Mechanical 
Knp,  inner  i  up,  are  studying,  the  possibility  of  usiup,  on-line  ultrasonics  to 
monitor  the  sine  and  shape  of  the  weld  pool  dm  ins,  the  process.  They  have: 
been  rev  ‘  cw  i  us,  several  possible  Leehn  i  tjues  for  ultrasonic  mon  i  tori.up,  of  the 
poo'  shape.  ’Ihoir  pro, '.res.-,  to  date  is  reported  in  Appendix  !). 

11.4.  Past.  }-jntr  ier  True,  fov  n;  Analysi  ;  ol  the-  V.'eldinp,  Volta  pe 

As  lu'teJ  pieviously,  a  frequency  spectral  analysis  in  the  audio  vnnpc 
may  have  potent  i . :  1  lor  da.  t:nct  i  np.  ch  mres  in  the  v.e  Id  i  re,  prm  »  .  Several 

measurement:-,  have  been  made  which  confirm  this  hypothesis. 

!•■  j  pure  /a  show.-;  t  he  ttt»ise  v<>  i  t  aye  ot  a  pa.-.  tunpsteu  arc  vein  on  a  t  to ' 

plat  e.  Tin-  sip.nal  i  i-jh,i  sent  s  the  AC  ripple  on  the-  DC.  vollapc  and  is  remarkably 
uniform  in  t  inn-.  Most  of  this  ripple  comes  from  tin.-  root  liters  in  the  power 
supply.  A  very  small  wind  disturbance  p)  odtu m  a  distortion  as  shown  in 
liy.i’rc  '/l>.  Mist  urbance  of  this  m.-.ui  i  t  nd,  can  easily  he  seen  with  proper 
s  i  p.n.'t '  coed  i  l  i  on  i  at-,. 

A  male  suht  I.  vari.it  ion  in  weld  coi.se  ve  I  t  ape  van.  produced  by  mi  ll  iup,  a 
mu  ■•eip.blb  in.  h  copj'.'i  wire  into  a  rio.ne  cn  Ike  stool  plate  and  j’.i  indin;', 


u 


ns  shown  in  figure  Bn  and  8b.  figure  8a  represents  I  (it*  AC  ripple  of  (lie  ClA 
veld  without  copper  contamination  and  Figure  8b  shows  the  same  voltage  with 
copper  contamination.  Lit  Lie  change  can  be  detected  in  the  real  time  signal; 
however  Figures  8c  and  8d ,  which  are  the  ITT  of  figures  8a  and  8b  respectively, 
show  cl  to i  the  weld  with  copper  contamination  weld  has  more  high  frequency  noise. 

At  present  it  is  not  known  if  such  signals  are  reproducible  enough  for 
in-process  monitoring  of  the  weld  quality.  With  the  recent  acquisition  of  a 
computer  in  our  laboratory,  it  is  hoped  that  a  catalog  of  signals  from  welding 
defects  can  be  established. 

U .  '> .  haso.r_We.ldi  njq of  Al uiminum  _,;i_nd  Al  umi_nura_Al  1  oys 

A  number  of  previous  investigators  have  found  that  the  coupling  of 
laser  energy  to  aluminum  is  very  poor.  There  are  two  possible  exp] ana t ions 
for  this  trend,  vis.  the  reflectivity  of  the  solid  Al  itself  .is  very  high,  or 
alternatively,  vapor  formation  h Locks  the  laser  radiation  from  reaching  the 
;.ur  face . 

Since  Al  alloys  containing  highly  volatile  elements  such  as  Mg  and  Zn 
should  in  mol,'  likely  to  produce  plasmas  blocking  the  radiation,  a  sends  of 
l<  i;is  has  been  conducted  comparing  the  power  absorption  of  99.999/  Al.  and 
VVib  alloy  in  the  el eetropol ished  and  anodized  surface  conditions.  The  power 
absorption  for  each  alloy  as  a  function  of  time  at  low  incident  power  is 
shown  in  figure  9.  It  wi  l  l  be  noted  that  tin;  surface  eond i t ion  of  the-  pure  Al 
hr  little  effect  en  the  power  absorption,  while  the  effect  of  surface  condi- 
1  'on  witii  the  alley  is  very  larp.e.  Those  results  suggest  that  at  low  power 
» i  i  f  ,  p  i . ! :  :n:;  t  formation  is  the  dominant  cause  of  poor  laser  coupling  on  Al  . 

1 '  "  .•nod  i  rod  'unlace  of  the  .Vi'ifi  alloy  will  suppress  plasma  formation  while 

'  I  ee  I  roji.il  ished  surface  presents  no  harrier  to  vaporization  from  tire  sui  i  no  . 

I'1"  1  Al,  with  no  ;t.i  «>it;  ,1  >  vapoi  loiming,  i  lens  ill  s,  tin-  effects  of  1 1  r  ■  >  mirlan 
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Kcccnt  results  at  higher  laser  power,  which  produces  s  i  gn  i  (  i  can  l  melting, 
suggest  that  plasma  formation  may  lie  less  important.  No  final  conclusions 
can  he  drawn  from  this  project  at  this  time,  except  for  the  fact,  that  coupling 
of  laser  power  to  the  aluminum  surface  is  a  function  of  both  alloy  composition 
and  surface  condition. 
ii.fi.  Probes  for  Welding  Arc  Analysis 

A  number  of  previous  investigators  of  welding  have  used  tungsten  probes 
rotating  through  l’  •  arc  to  determine  the  voltage  and  current,  distribution 
in  the  arc,.  We  have  constructed  such  a  probe  which  spins  at  3800  rpm. 

Most  welding,  i n veu t  i ;;.U or;;  have  used  the  maximum  voltage  as  an  indication 
of  the  center  line  voltage  of  the  arc,  while  some  others  have  used  the 
width  of  the  pulse  to  infer  the  local  current  distribution,  if  only  on 
a  relative  scale.  fpon  calibration  of  the  speed  of  our  probe,  it  was 
d ;  sc.oYi.  red  that  the  p  is  -  h .  v.  a  s  j  n  «.*  t  c  a  t  i  u  e,  <  u  i  .  i . ,  w  i  d  c  h  .it  1 1<  i  l  i  ma  mum 
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The  u:ijor  co;i(  I  os  ion-',  of  this  review  we  re  tin-  fol  lowing : 

J,  The  snipe  of  the  program  it;  too  broad  and  should  be  narrowed 

2.  The  weld  noise  signal  analysis  is  worthwhile  and  should  be  emphasized  and 

3.  The  weld  pool  stir  faro  t  emperat  in  e  measurement  is  worthwhile  and  should 
not  lie  dropped. 

The  comments  of  the  reviewers  were  very  helpful,  and  it  is  intended  during, 

Lhe  current  year  that,  the  f  o!  l.ov.'i  ng  topics  will  be  empiric,  i  xe.d : 

1.  Weld  pool  surface  temperature  measurements, 

2.  iliiiission  spectroscopy  of  welding  arcs,  and 

3.  Weld  voltage  signal  analysis. 

It  is  not  so  much  a  matter  that  the  other  projects  are  not  worthwhile, 

hut  it  is  deemed  that  the  total  project  will  progress  more  rapidly  if  an 

intensive  study  of  these  three  topics  is  undertaken.  Nonetheless,  the  first 

year  hat:  been  worthwhile.  It  was  a  vv.tr  of  building  up  of  In.ih  pei  .  mm  •!  and 

equipment .  It  also  permitted  exploratory  research  into  a  number  of  topics, 

the  most  promising  of  which  will  be  continued  during  lhe  next  tve’ >.•  months. 

s 
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APPEND LX  A 

Design  of  Infrared  and  Ultraviolet-Visible 
_  for  Use  with  Lhe  OSlA 

Problem  befini t ions  for  Experimental  Setup 

1.  The  weld  puddle  surface  temperature  is  to  be  measured  with  a  precision  of  ±  10  K 
with  a  spatial  rcsol ut i on  of  0.1  nun . 

2.  Major  metal  elements  are  to  be  observed  in  the  welding  are  at  a  spaLial 
resolution  of  0.1  ia..s  and  their  evolution  should  be  followed  with  a  tempera  1 
resolution  of  It!  ms  Lo  1  s.  Relative  concent ra t i ons  should  be  measured 
with  a  precision  of  2-1')/. 

3.  Rapid  tan;’.',  of  Metal  concent  rations  should  be  observed  in  the  are  at 
a  temp")./)  r<  solution  ol  3(1  ps  to  J 0m. 

4.  Minor  c  1  <  nt  concent  rations  should  be  observed  in  Lhe  are  with  a  spatial 
rest  .1  u t  i .  a  el  0.1  i:.;  i . 

To  best  approach  t  o  these,  goals,  four  different  optical  .layouts  are  needed, 
each  designed  lo  witch  the  specific  requirements  of  one  group  of  measurements. 

Two  ci.it  lei  on  i  design  approaches  were  followed  that  are  described  in  the.  following 
sections:  hi.’li  pieeision  inf  cared  (111.)  and  ultraviolet  (II V)  -  visible-based 

opt  ica 1  L  ra i ns . 


inf  laved  Optical.  Train 

I’uddle  surface  temperature  will  be  measured  using  Planck's  black  both  spectral 
radiant  omittance  formula.  In  order  to  achieve  the  best  possible  accuracy 
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measured  circular  area  having  a  diameter  oi  0.1  mm  or  less. 

The  effect  of  the  arc  emission  will  be  cancelled  by  momentarily  interrupting 
the  arc  cm  rent.  Therefore,  it  will  be  necessary  to  perform  each  measurement 
in  a  short  enough  time  for  cooling  to  be  negligible  during  the  measuring  time, 
so  that  cooling  can  be  measured  as  a  function  of  time.  This  will  be  realized 
with  tin:  use  of  the  DMA  system  as  a  detector  which  is  capable  of  detecting 
the  whole  spectrum  and  sorting  the  Intensity  function  in  a  file  at  titties  as  short 
as  30  ps. 

Calibration  of  the  whole  optical  train  depends  critically  on  the  quality 
of  t.he.  radiance  standard  and  that  of  the  optical  components.  In  order  to  avoid 
the  problems  usually  associated  with  optical  aberrations,  we  chose  the  following 
sole  lions: 

a.  to  eliminate  astigmatism  axial  viewing  only  is  used.  This  can  be 
achieved  with  the  use  of  two  directional  mirror-scanners. 

b.  chromatic  aberration  is  eliminated  by  the  use  of  mirrors. 

c.  Spherical  aberra t  i o:is  are  eliminated  by  the  use  of  off  or  on-axis 
aspherics . 

In  order  to  model  the  optical  system.  Dr.  Allctr.and's  exact:  optical  ray-tracing 
program  was  used  with  the  M1T-1UM  370  computer.  This  program  was  used  to 
estimate,  the  imaging  qualifies  of  diverse  mirror  systems  including  off-axis 
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rays  (19  for  each  source,  point)  on  the  image  plane.  Tile  largest  extent  of  the 
image  is  obtained  for  a  source  on  the  out c.miosL  circle.  This  spol  covers  about 
12  pm,  confortably  smaller  Lhau  the  required  0.1  mm.  On  axis  of  course,  the 
model  shows  a  perfect  image. 

The  shole  optical  train,  comprising  this  casscgra in  type  mirror,  scanners 
and  a  spectrograph  is  being  mounted  on  a  sturdy  commercial  optical  bench. 

The  parabolic  and  hyperbolic  mirrors  have  been  ordered  and  wen  received 
in  April  1981. 

UV-V.i s  Lbl  e  Optical  Trains 

Spectroscopic  observations  will  not  require  as  aberration  free  an  optical 
system  as  the  infrared  microscope,  unless  a  good  spatial  resolution  is  required 
as  would  be  the  case  for  arc  temperature  measurements  based  two  line  inlensi t  ies 
and  requiring  an  Abel  inversion.  The  IK  mirror  optics  can  also  he  used  for 
spectroscopic  determinations,  hut  since  it  cannot,  be  dinphragmed  down  below  tlu: 
solid  angle  intercepted  by  its  secondary  miaror,  it  will  be  use. lost,  when  very 
small  aperture  angles  tire  to  he  used.  i here! ore ,  a  symmetrical  double-triplet 
lens  was  designed  out  of  quart  a.  and  calcium  fluoride  (figure  At).  This  lens  can 
he  used  at  wavelengths  as  low  as  240  mm  with  very  small  nbbernt ion.  figure  A'i 
is  a  representation  of  the  spectral  sphoroc.hrom.it  iei  ly  of  that  system  computed 
with  Dr.  A I lemand ’ s  ray- tracing  program.  On  the  vertical  axis  is  represented 
the  height  in  mm  of  the  impact  point  of  the  considered  ray  on  the  entrance  pupi 1  , 
and  on  the  horizontal  axis  is  the  in' orscot  ion  (focus)  of.  that  ray  with  the 
axis,  also  in  mm.  Tin.-  ,;phc  i  orhrom.i  t  i  c  i  i  y  foj  wavelengths  Iron.  2  Jl)  to  1)8/  mm 
is  shown.  As  can  be  sen  Ini  rays  on  a  diameter  of  AO  mr.i,  Lire  focus  will 
remain  on  a  J  ini.;  siei-eni  of  the  axis  for  va  co  1 1  ■»(:  ( hs  bet  wood  240  .and  r><S7  lam. 

'Jli  is  system  oil  I  he  used  in  op|  ic.el  layouts  where  ehrom.al  i  c  and  spherical 
ah!  ei  at  i  "•••-.  have  In  be  a.  in  i»-i  red.  I-.’. tele  I  he  e  t  wo  requ  i  reim-nt  s  can  b  -  rclat  u, 

V.-i  ale-  lie.;.-  |  ho  per  il-ilitv  ol  Using  si'igl.  lines. 


APPENDIX  B 


Hi flh  Cur i' eat.  1) C  _R o £ ul a  tor 


Spo  c_i  fj  c  a  tip> i  is 

The  mechanical  and  electrical  specifications  for  the  Current  Regulator 
are  as  follows: 

1.  Inputs:  0-80  V  dc  at  0-1000  A.  120  V  ac  at  3  A. 

2.  Output:  0- I  000  A  dc  for  a  resistive  load. 

3.  Output  current  is  continuously  adjustable  from  0-600  A. 

4.  Front  panel  control  for  adjusting  the  output  current  is  provided. 

5.  Front  panel  metering  of  output  voltage  and  output  current  is  provided. 

6.  The  regulator  will  be  constructed  in  a  standard  19"  relay  rack  cabinet. 
Cabinet  to  be  supplied  by  MIT. 

7.  Forced  air  and  water  cool  iug  are  used.  Water  requirement's  do  not 
exceed  5  CFM  with  inlet  pressure  not  exceeding  25  psig.  Open  cycle 
water  cooling,  is  used. 

8.  Appropriate  high  current  dc  terminals  for  input  and  output  are 
convert  Sent  1  y  1  oca  Led  . 

9.  Automatic  shutdown  is  provided  under  the  following  conditions: 

a.  Ions,  of  water  flow  rate 

b.  high  heat  sink  temperatures 

10.  Output  signal:;  for  monitoring  output  voltage  and  output  current 
are  provided. 

1.1  .  lx  1 1  tiia]  cm  rent  control,  by  means  of  external  current  signal,  is 

provided.  Extern  iJ  input  is  0  -1(1  V  full  scale  with  input  impedance 
giv.Hci  Lb. in  I  ‘ !'  and  aeeitr.icy  of  (1,  1 7  of  full  scale. 


12. 


The  output  current  response  to  a  step  change  in  the-  external  current 


reference  si gnn I  will  have  the  following  characteristics  with 
respect  fo  a  0.1  52  resistive  load. 

a.  The  output  current  will  settle  to  within  1.07  of  full  scale  within 
250  ps  over  the  entire  operating  range. 

b.  The  output  current  response  will  have  less  than  107.  overshoot  over 
the  entire  operating  range. 

c.  I  terns  a  and  b  above  will  be  met  within  the  restriction  implied  by 
the  open  circuit  supply  voltage. 

13.  The  supply  is  suitable  for  use  with  certain  types  of  UP  arc  starting 
equipment . 

14 .  The  supply  will  deliver  000  A  continuously  at  an  output  voltage  of 
25-60  V  dc  with  an  input  voltage  of  SO  V  dc  or  less  and  specified 

.  4-  r  »  , 

tv>-i  tv.  t  J  J  •  I  w  • 

15.  The  thcL;:.':]  deni  go  and  overload  protection  of  the  supply  arc  designed 
foi  600  A  rms. 

16.  The  supply  will  cent  £  minus Jy  deliver  arbitrary  current  waveshapes 
of  600  A  mis  with  peak  currents  not  exceeding  1000  A. 

17.  The.  supply  will  deliver  full  current  into  a  short  circuit  for 
periods  of  5  s  or  less. 
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Al’l'KNDIX  C 


Lon;*  Time  Spec  t  roscop  i o  Measureiuen Is 


The  ext ended  tii.ie  spectroscopy  of  the  vapor  phase  ahnve  the  weld  pool, 
permits  an  estimation  of  the  absolute  rates  of  metal,  vaporization  into  the 
we.ld  iiip,  plasma,  as  well  a.-,  determination  of  the  share  of  vapor  concentrations 
ol  individual  nlloyine  elements.  A  mass  balance  of  the  evaporating  elements, 
from  the  start  to  the  finish  of  the  experiment  will  be  helpful  in  determining 
tin'  selectivity  of  evaporation  in  different  steels  and  alloys.  It  will 
also  permit,  extrapolation  ol  tin  process  to  the  short  lime  encountered  in 
weldinp,.  In  order  to  reach  this  y.o.i !  ,  o.-.ik  r  i  run  la  J  equipment  has  been  built 
consist  inp.  of  n  throe  meU  r  CKC  iui.i  i  on  Spent  romeler  obtained  from  surplus, 
adapted  with  new  elect  t  on  in;;.  A  v  at  ercooled  v;«-Jd  inp.-t  urn  tail  1  •..•  luc-  been  i  itt  od 
inside  a  tut  civo.dii!  cha'-.ber ,  as  presented  in  i' ipe.ro  C-l.  An  atp.on  tent  has 
been  built,  around  lie  cha.  .!■••)' .  The  turntable  is  driven  by  a  variable  speed 
motor.  Tin-  detector  leasi.t'.  of  a  I'lnhc  pi'\a  r  supply  provid  i  np,  hip,  It  vol  tape 
to  the  p!n>!  e:- u  I  I  i  p  I  i  e ,  of  four  Ke  i  I  b  i  iv  pica  impmot  ors  v.'bieh  read  sip.nals  from 
iron  and  iru.i  lliur  cth.  i  pnot.omu  I  t  i  p  1  i  ors  ;  <d  three  dividers  provi  J  I  up, 
rat  ios.  iif  s  i  p.na  I  s  ;  o!  three  s!ti'  eters  for  v.  ea  1  tori  up,  the  e:.pei  intent  and  of 


l wo  two-chans. 


mb  i's  readin.,  and  record  i  njj  the  spectral  rat  ios  of  tin. 


thi'ei-  iMi.jiip  e  1 1  ,,.i-iit as  veil  as  t  •  pure  iron  signal.  The  iron  sipnel  is  t  i. 

inteina!  slaad.md  as  the  a-ti'-'its  and  the  partial  pressure  of  iron  (p  ) 

J  l' 

i  s  h  III  1  y  a  1  I  e  i  I*.!  h\  the  .1  I  I  (1  y  i  np.  i  ■  1  r  'll  t  s  (hirin',  the  test.  IV'tV.Vi'll  t  hi 

pieo.i"  pi-.a  'i'.  a.id  divi’si  ;  I  hree  s'iui.-  of  filters  have  been  installed:  i  i  1  let's 

a  aii. I  lr  ,  liii’fe.i.e  the  hi  p.l:  !  n  ijUiitcv  va  Id  start  sip.ral  which  v.'.ss  found  to  he 

c  i '...  j  - .  .  (.!  i,.v  ...  p.i  rat  e  1  i  r  1 1  in.  m  i  r  e  t  a  1 1  d  filter  e  el  ini  nates  the  (>0  cycle 

vis  r.  1 1  ten  . 


AITi-NDil  X  c  (cnnlimu  J) 


Although  over  50  c!i:mnc)s  (elemen Is)  art:  available  on  the  CKC  Spectrometer, 
the  difficult  alignment  allow;:  for  no  more  than  four  channels  to  be  used  simul¬ 
taneously.  Ilcnee,  iL  is  possible  Lo  measure  element;;  other  than  Fe,  Mn,  Cr 
and  Al  ,  merely  by  selection  of  different  phoLuniulLi.pl  i  ers  in  the  spec  tromc  Lor . 
After  a  number  of  improvement  s  in  the  mechanical  quality  of  the  we Id-chamb  :r , 
and  of  the  electronic:;,  rcpruduc jhie.  results  have  been  obtained  cm  National 
bureau  of  Standards  specimens.  l’resently,  a  set  of  standard  signals  is  being 
assembled,  after  which  actual  welding  alleys  will  he  tested.  If  in  the  future, 
copper  bason ,  or  aluminum  based  alloys  are  Lo  be  studied,  the  internal  standard 
can  he  changed  from  iron  to  copper  or  aluminum. 
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APPUNDiX  1) 

II]  t  nispn  i  r..  Del <  i:i  4_Q.il_oJ  _t  Uf.JrViUL  Se_.m_ 

Automatic  weld  in;;  can  he  considered  lo  include  a  L  least  two  distinct 
aspects:  the  mechanization  of  ihe  welding  process,  and  control  of  the  welding 

process  to  improve  the’  quality  and  consistency  of  welded  joints.  A  great 
deal  of  effort  has  been  concentrated  on  the  mechanization  of  welding.;  much 
less  has  been  done  to  develop  a  means  of  controlling,  th'  weld  quality  itself. 

Modern  control  theory  is  generally  cmtcc  rued  with  measuring  the  outputs 
of  a  system  to  be  coati oiled,  comparing  them  with  a  set  of  desired  outputs, 
and  then  adjusting  tin  inputs  to  the  system  in  such  a  way  that  the  desired 
outputs  can  he  achieved.  In  the  case  of  welding,  the  desired  output  is  a 

at  has  the  propel i  fos  of  a  homogeneous  piece  of 
oiiit  con  he  in.;p.  ei  ed  after  welding  in  order  to 
is  complete  and  can  sal  i  sf t  or  i  ly  perform  its 
is  going  to  control  the  voiding  process,  it  will 


j  o  inf 

bet  w  l 

'ell 

two  me la 

is 

tint  Iws  1 

me  La  1 

.  Cm 

•a  r 

ly,  .'i  we  1 

tb-d 

joint  cor. 

defer 

iM.ii't-  i. 

da. 

t  her  or  a 

t '  i. 

it  is  ceei 

time  t 

ion. 

ilo 

wevof,  if 

on 

e  is  gain; 

he  ni' 

oossa', 

■y 

to  1  ii.it  a 

SC 

t  of  pa rar 

to  pr 

ovi  (le 

a:. 

i  iih  i.i'a  t  i 

l  11 

of  Lbo  qu: 

The  wi 

■Id 

ing  p. :  ra:  ■ 

■to 

r  iiOSi  fir: 

law  determining  the  quality  ol  a  welded  joint  is  the  penetration.  however, 
few  technique:;  currently  exist  for  measuring  the  penetration  of  a  weld  in- 
process.  Such  a  technique  would  he  of  great  value  in  implementing  feedback 
con  Lr o  1  of  we  1  >1  i  ng . 

In  an  ellort  t<>  provide  a  i-.-aiv;  of  measei  i  ng  weld  penc  I  ra !  i  <>n ,  we  are 
invest  i  g.i  I  i  ug  t  he  list  ol  u  1  I  ra-ion  i  c  pu  I  e-  echo  1 i  elui  iquos.  lMlrason.it.  inspection 
i:'  common  I  y  employed  for  the  purpose  of  deloel  i  up,  f  i  aw  a  and  i  nc  1  n. ;  i  oca  in 
welded  joint:..  A  •ur.iii'’  wave  travelling  l  hrougii  a  medium  will  In  l'el  le.’led 
a  1  local im,;  where  d  i  ■:>  mil  '  no  >  I  i  es  •>!  don  ;  I  l  ■,  g  ad  it  nl  r  d'U  .  fr.fi1'.  po  ■  .  ■  i  t  ' 
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and  lack  of  fusion  are  examples  of  discontinuities  in  a  welded  joint  which  would 
ref  lee t  ultrasound . 

Discontinuous  density  gradients  will  exist  at  the  interface  between  solid 
and  liquid  metal  and  cause  ultrasound  Lo  be  reflected;  hence,  a  molten  wc!M 
puddle  should  reflect  ultrasound.  The  manner  in  which  ultrasound  is  reflected 
from  a  molten  weld  puddle  and  the  amplitude*  of  the  reflected  signal  will  be 
a  function  of  the  size  and  shape  of  the  weld  puddle.  In  principle  one  can 
det erwi no  t  lie  d i mensions  of  a  molten  weld  puddle  from  ultrasonic  time  trace 
data.  Thi!  results  of  such  measurements  could  then  be  used  to  decide  how 
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for  Lite  purpose;;  of  ponetra  l  ion  measurement,  u]  Lrasoni  c  sen  Ltering  l  echniques 
are  beiup  considered.  in  this  approach  ultrasound  measurements  are  made  in 
several  local  Lons  and  are  used  to  es Li  mate  the  size  of  a  reflector  from  Liu; 
distribution  of  the  signals  received  at  the  different  location?!.  Currently, 
scvcr;)l  researchers  are  invest  igaLinj;  f  requency  domain  .seat  l wring  techniques 
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and  control  of  penetration  can  be  broken  down  into  three  basic  tasks: 

(1)  verification  of  the  concept  of  ul  t  reson ic  penetration  measurement, 

(2)  development  of  a  practical  technique  for  ultrasonic  penetration  measurement, 

(3)  development  of  weld  penetration  control  concepts  based  oa  penetration 
measurement. 

The.  f  i  rut  phase  is  present  1  v  underway  and  will  consist  of  2  sets  of  o.-neri- 
iuents,  which  will  be  used  to  evaluate  the  feasibility  of  ultrasonic  penetration 
measurement .  The  first,  set  of  experiments  will  look  at  the  capabilities  of 
ultrasonic  shape  del  ermi  tint  ion.  Several  curved  surface;;  have  been  milled  into 
steel  plate  and  will  be  examined  with  an  ultrasonic  probe .  The  ul ti asound 
measurements  and  the  equations  of  geoi.u  tr  i  c  ul  l  rasonics.  w  il  1  then  be  used  to 
determine  the  size,  of  the  mill ed  surface  and  the  results  will  ho  compared 
with  direct  measurements  to  chock  their  accuracy. 

The  second  set  of  experiments  will  be  performed  to  determine  whether 
or  nut  molten  metal  will  adqunt  e!y  reflect  u  1 1  rn.wound  so  that  size  measii  re- 
most:.  can  he  made.  In  order  to  perform  these  experiments  a  static  molten 
puddle  will  l.w  formed  us.  i  ns  a  station.rv  Tib  torch  and  an  ultrasound  transduce: 
will  he  used  to  detect  u  I  1  i:  a  r.oiuid  r  i  ■  f  1  of.  (  i  >■:  s  ,  If  rel  I  ce  t  ions  can  be  delect'd, 
the  next  s.tep  wil  I  In.  to  measure  I  is  sir.  of  the  podd  lo  f  i  or;  those  vel  lections. 
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Af  Lit  tlic'  experiments  are  coup]  eleil ,  the  :•  l a  t  <  ma  ry  wolds  v/  i  3 1  be  sectioned 
and  measured  to  see  how  wei  1  til  t  r.ixoii i e  measurements  c> f  the  puddle  dimensions 
agree  with  the  ncLual  size  of  t  Ik*  solidified  weld. 

An  ultrasound  pulsor  receiver  is  currently  under  construction  so  that 
the  above  experiments  can  he  carried  out.  1'pon  completion  of  tin;  experiments 
the  results  will  he  examined  and  a  decision  rea.elu  d  about  the  viability  and 
further  development  of  the  concept  of  ultrasonic  penetration  measurement. 

Some,  ore! i mi  nary  experiments  have  been  performed  for  both  the  "cold" 
and  "hot"  situation;.  The  former  indicated  tin*  expected  reflections,  but 
emphasized  the  need  for  well  focused  beams.  The  hot  experiment  was  intended 
only  to  look  for  evidence  of  reflections  from  a  molten  region.  11  y  melting 
a  spot  on  a  plate  with  a  stationary  TUI  torch  and  passing  ultrasound  through 
this  region,  new  ref  loci  ions  wen  ncojded  that  corresponded  roughly  to 
the  molten  region  location.  ihm  i  per  imont  s .  therefore,  give  qualitative 
reinforcement  to  this  t>i>  .c.ttr.  at  <  .*»•••. -nt  .  and  subsequent,  experiments  will 
more  precisely  quantify  th<  •  result*.. 


